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I nv e s t iK a t i on  of  Silico n—Nitroge n Ceramics for Gas Turbines

I. INTRODUCTION

A. Background

Hot pressed Si3N4 wou ld appear to have po ten t ia l  app lications in gas
turbines operating at high temperature. The great expense of machining parts
t rou t  t h is material is prohibitive however , and alternat ive materials are sought
t’t at could be formed to near net shape by conven tional sintering techni ques.
Early reports indicated that mixtures of Si3N4 and A 1203 cou ld be sin tered to
t ully dense bodies hav .’ ng the same crystal structure as, and properties compar—
a~~le to , Si 3N4. These reports stimulated further research in the fabrication
aid characterization of 8’ solid solutions . More recent work has shown that 8’

s lid solutions have an extended narrow homogeneity range in the Si—Al—O—N dia-
gram given by the  form u l at Si 3,..~

A 1
~
O
~
N4_~

. Solid phase compatibility rela—
t ions for the system have been proposed b y Guackler et al (Ref. I) and by Jack
(~‘&ef. 2). Previous work at UTRC done under contract to the Department of the
Nivy (Ref. 3) has shown that the 8’ 

~~~~~~~~~~~~~~ 
compositions , like pure

Si 3N4, do not sinter , and that the reason Si 3N4—A1 203 mixtures do sinter is
b-
~
cause some li quid is present at sintering temperature. The extent of the

liquid and li q uid—solid regions at lb5O C and 17i0°C were determined in Ref. 3.
R~ cent work by N aik et al. (Ref. 4) has confirme d the essential features of
t i e isotherma l sections proposed in Ref. 3 and has established tie—line s be—

t~ieen 8
’ solid solut ions an d eq ui l i b r i um li quid phase compositions at 1750”C.

Tie 1750’C isotherma l sections of Layden and Nai k et al are prese nted
in Figs. 1 and 2, respective ly. Figure 1 has been rep lo tt ed in eq u ivale nt
porcent from the original work and reoriented to correspond to the sty le of
representa t ion used by Gauckler , by Ja ck , and by Naik .

Pr ior work  by th&.a~ thor (Ref. 5) attempted to pr oduce sing le phase B ’
solid solutions by a transient liquid phase process. The technique emp loy ed
c-tn be understood in terms of the 1~ 50°C and 1750°C isothermal sections .
T u e  165 0°C section is shown as Fig. 3. Several compositions have been m di—
c ited on the figure which are relevant to the following discussion . As with
Fi g . 1 , t his section has been rep lot ted from Ref. 1. Two preacted composi-
t ions were prepared : composition a (X pha se) whi ch is li quid above abou t 1750°C
and composition c which consists of a mixture of 8’ and 15k solid solutions .
The se two comp lementary compositions were mixed in the prope r ratio to y ie ld

1

— - -— . .-
~~~

— - - .
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composition b. It was assumed that at temperatures above 1750°C liquid of
composi tion a would react wi th composition c constituent s and homogenize to
single phase composition b. Fully dense bodies were produced using these
t echniques. Micrographs of one such body are shown in Fi g.  4. Such bodies
frequentl y appeared to be single phase to x—rays , but microscop ic examination
disclosed the presence of a grain boundary phase or phases (presumably glass
or X —p h a s e) , and the mechanical properties of these bodies were poor. Mean
room t empera ture flexural strength of 210 MPa (30 ks i )  f a l l i n g  to 180 MPa (26
ksi) at 1370 C. Long term heat treatments of such bodies did not improve
proper t ies , and it was concluded that eitrier 1) res idual  g lassy phase in the
bodies is difficult to crystallize , or 2) unaccounted—for deviations from
assumed stoichiometry placed the true overall compositions in the two—phase
field 8’—X rather than on the 8’ line . Altering compositions so as to move
assumed compositions away from X phase resulted in some improvement in proper—
ties to a point , but also resulted in more porous bodies . Bodies whose overall
composition fell unambiguousl y inside the 8’ — 15R or 8’ — Si 2N2O f i e lds  did
not s i n t e r  appreciab ly. By way of contrast to Fig. 4, micrographs of some
sintered fine grained 8’ — 15R samples are shown in Fi g. 5.

The above s tud ied  processing techni ques emp loyed co—mil l ing  of the
prereac t ed compositions a and c in order to achieve int imate mixing of finely
ground constituent phases. Such fine mixtures can react in the solid state
d u r i n g  h e a t — u p  to firing temperature , and i t is possible under such cond i t ions
t h a t  no li quid forms unless overall compositions actuall y fall in the 8’ — X H
field. This appears to be the most probab ly exp la nat ion of resul t s presen ted
in  Ref. 5.

B. Objectives and Approaches

The intial objective of the present t~ork wa s to develop proces sing
techn i ques  to produce densel y s in te red  SiM ON bodies which were f ree  of e i t h e r

k r i ’sidual  g lass  or X phase. Several approaches to this goal were considered ,
b~ t the basic  premise in al l  of them was tha t the presence of a li quid of
composi t ion  near that  of X phase was required during part of the firing sched-
ule. The approaches differed in the conceptual way of supplying , and la ter
“dry ing— up,” the liquid. The first approach employed mixtures of fine grained
compatible 8’ and 15R phases , wi th coarse grained X phase  c o n s t i t u e n t  (composi-
t i O n  12). It was assumed that lack of intimate contact between the incompati-
bl e X and 15R phases would prevent their reaction until the melting point of X
phase was reached , at which point X phas e li quid would “wet—out ” the solid
phase constituents. The second approach employed a fine grained mixture of

Si 3N4 and A1203 constituent s which would react to form a m i x t u r e  of 8’
and li q u id , and coarse size fraction of A 1N which would not all reac t in the

solid state during heat up, and could serve as a reserve to dry—up the X p
hase5
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l i q u i d  d u r i n g  extended heat  t r e a t m e n t . A v a r i a t i o n  of the second a p p r u L i e l a
i -mpt oy ed  a m t x t u r e  of f i n e  gr ai ned A1 203 and w i th  coarse a ’r .i i t ied

t o  produce bodies w i t h  an ove ra l l  c~~~positon in the B ’ — Si 2 N 2 O~~
t iel d. A third approach wa s to use fine—grained .ixture. of Si 3t44 and A 1 2 03
ta) produce dense bod i es ot 8 ’ — X phase comp osition s , and later hcat tr t ’.it t I i
t n (SR pha se powder packs to convert (he grai n boundary phase .

Ni ne of the above approaches was succe ssfu l  in term s of produc i ng a tu t l a .
dense body devoid of g lass or X phase. ihe fourth quarter of the program was
therefore devoted to  producing and charac t.ri sieg a 8 ’ — X phase body hav i ng
a composi t i on as ~1ose to the 8’ — 0’ phase field at~ p o ss i b l e .
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I I .  EXPERIMENTAL PROCEDURES

A. Charac terization of Raw Materials

A varie ty of raw materials was investi gated in order to choose the types
a.lf  powders that would be most suitable for the purposes of this progrmii . In
general , powders were charac terized in t e rm . of phase by x—ray diffrac tion
t echni ques , (X K D ) ,  morphology by scanning elec tron microscopy (SEM), me t a l l i c
impurit y content by spec trochemical analysis , and vola tile impurity content by
wei gh t loss measurement s and n’sss spectrometry. Spectrochemical anal yses for

I . the various powders are presented in Table I. In the case of nitride powders ,
oxygen content was determined by fast neutron activation analyses performed by
the Union Carbide Corporate Research Laboratory . These data are inc luded in
T a b l e  I .  In the  case of two Si 3N4 powde rs — GTE Sy lvani a SN402 and SN502 —

ma ss  s pe c t r o g rap h i c  a na ly s i s  of products of room t emperature outgassing and a ’t
; ‘v r a t l  v s i s t ~ 700 C were per formed . At t einpt $ were’ made to  tie t enn i no t o t a l
n i t  rogi ’n a a m t  ent  u i  ng t he K c i  dab I met ho-i of var tons si zt~ f r  ac t  i ons  sc r eened

r~~n Al  N powder , hut  r e s u l t  s were  not r e p r o d u c i b l e  to  the  accura cy  r e q ui re d
and are ’ not  r ep o r t e d . Th e’ handling and p r o ce s s in g  charact eristic s imparted

hat  cli.’ s :15 a re su i t  of povd or mo rpho  1 og i c’s vet o  .sl so ohs e rved and w e re
I n p o r t  ant  c r i t e r i a  i n  se l e ct  log m a t e r i a l s .

I . Si Powde rs

St Ii c on ni t ride powders  i n v e s t  i ga t ed  were: KR I high purit y 8 S pe’ cc e’nt a
— l .~ S mesh powder , ~ ft S vlv a n i  a SN-i 12 “ amorp hous ” , and SN502 a phase

r - ’w a l e r s , and Ward Chemical Co. — 3 2 5  mesh :i phas e Si 3N4.

Re ’ L t t i  t s ot  spect  rocheni c a l  a n a ly s e s  f o r  impui ri ties , and ac t ivat ion  ~n a l v s c s
t ’ r  I ’X V I ’ I ’ I L  i n  t h e ’ v a r i o us  i t t  r i d e  s t a r t  i n ~ materi als are given in T a b l e  I

W a aigh t .li anges a ’t pi essed p.’1 l o t s  d u r i n g  van  ens  he a t  t r e at i ng reg ime s are
u veil i n Tab Ic . X— r .;v di t tract ion dat  a t or SN at 02 powder sub jec  t cat t o  t h e

v.u t l o t u s  he’ at treat ment s , and other observ at ions , art ’ a l so  inc lude ’d n Tab 10 2
S~ anning electron m i c r o s c o p e  p h ot o g r a p hs a l t  p a r t  u c  I i ’s  a l t  KHI and CtE S vt v a n t a

pi ‘ud,’ rs .1, i’ shown in Figs . f and 7

Thu’ KIlt powd or i s s~’ ci i  t o cofls i s t o t a br oad r ange  ot part i ,~ 1 e si ze’ s and
s t p i e .11 a t t  a n il ted produ ct  . A si mi I ar at’pe aranc  e was e’x li i h i t  i’d by

,‘ W a rd  Chom i cal powders . The SN402 con s~~t s of a very iiar tow Size’ tRI i~~0 01

r a ’u g h i v  sperical part i d es ab out  0.2 to 0.8 ~, in diameter , w h i l e  the 5N 502
d a f l5 i  St  S ~t t  wh i sk er f r a gme nt s ot submi cr on di ame’t ers and van  a b l e  le ’ngt It. 
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During the initial heat ing of small pellet s (‘~ 1 gram) of t n , - : - ,  p~
-i ~ trogen (entries 1 t h r o u g h  5 of Table 2), the SN402 powder a - x t ’ i t a t~~-J .

tal weight loss of about 6 percent . A mat of whiskers and part ic ulat * . : I t , r l . a a

was found on the outside of the SN402 pelle ts , and the interior of the ori ginall’-
white pellets had taken on a tan color . A SEll m i c r o g r a p h of a por t  i i ’a  ~a t  thi-
mat is shown in Fig. 8. X—ray diffracti on analysis showed the mat to consi.~t
pri maril y of a Si~ N~~. An un identified peak at 2.95 A was also present in t~

~ iffra ctto- . pa ttern. It was suspected that a volatile impurity, possibl y
eh io rid e , was present in the SN402 powder which c~-ntribu ted to a vapo r phase -
transport mechanist r e s p o n s i b l e  for the whisker growth. Mass spectnognap hi c
.una lys is showed that both the SN402 and SNSO2 m :terials gave off water vapo r
during room temperature outgassing , and Low mole cular weight hydrocarbon s and
h ydrogen when pyrolized to  70(YC. 514502 also evolved some NH3 during pyroly— a

;is , otherwise the spectra of SN402 and SN502 ~~~re similar. No chlorides we re
detected in the 700°C pyroly sis products of either powder. Experiment s were
onduc t ed to see i t  various outgas.ing procedures were effective in reduc ing

the whisker— growing tendency of the SN402 powder . A lar ge compac t (about 30

~~~~~~ l . S” dia .) of the SN402 powder was placed in a boron nitride cruc ible -
~~~

.ind heated slowly to 1250 °C under  v~ cutan . Some material was sp ill ed from the

~rucible during unloading so that accurate weigh t loss data could not be
r.~~rieved . The ma t e rial had turned tan :n color , similar to SN502 , and gave an
\-ray pattern of a Si 3N4. Reproductions of port ions of the  d i f f r a c t i o n  pat-
t erns of this and other as—received and heat treated powders are shown in

~~~~~ 9. This material was subsequently heated in air to 600°C in order to see
,f the discolorat ion was due t o  ~ carbonaceous tes idue that would burn off.
the mat erial retained the tan color after the 600

3C treatment.

A second 30 gram compac t of as—received SN402 was heated in air to 600°C.
ihis material remained white and exhibited a mnal l weigh t gain of 0.02 percent .
t his material was subsequently heated in vacuum to 1180 C. It retained the

white color , and exhibited a diffrac t ion pattern only sli ghtly stronger than
the as—received material (see Fig. 9). Samples of both the SN402 powder heated

in  a i r  to 600 °C , and that which was subsequently outgassed to l1~ 0
’C, we re

then fired (along with con tro l samples of as—received S$402) in nitrogen to
1490 °C, The weight losses from these variously treated SN402 powders were all
nearly the same , but the tendency to whisker growth was quite different. The

control samp les agai n e x h i b i t ed dense overgrow ths of a Si 3N4 whiskers . The
sampl es of material heated in air to 600°C showed a lesser growth of whiskers ,

Cafld the samp les subsequentl y heated in vacuum to 1180°C were essent ial ly free

of whiskers.

A 1203 Powders

Two powders were investi gated ; Linde A alumina micropolish (0.3 u particle

size ’) and a nomin ally 0.03 u particle size amorphous alumina from Apache Chem i cals.

14
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SEM micrographs of these powders are shown in Fig. 10. Weight changes of the 4

alumina powders resulting from various heat treatments are given in Table 3.
It is clear from Table 3 that unless special handling and storage procedures
are used , it is not possible to assign a fixed Al 203 content to the Apache
alumina . This is undoubtedly the result of variable water content which
changes wi th atmospheric conditions . 

—

3. AiM Powders

Two AIM powders were used : Atlantic Equi pment Engineers AL1O6, and a—325
mesh powder from Indussa Industries. Optical transmission photographs of parti—
d e s  dispersed in oil having a refractive index of 1.77, and SEM micrographs of
representative particles of the two powders are shown in Figs. 11 and 12. The
AEE material is seen to have higher average particle size than the Indussa pow-
der . In general , the former material was selected for screening and settling
into farily narrow particle size fractions when these were required , and the
l atter was used when ball milled , fine grained master batches were required.

B. Sample Fabr icat ion Proced ures

A variety of sample prepa ra t i on  techni que s were emp loyed over the course
of the program , the specifics of which are best presented in Section III of
this report along with the experimental r~ su1 ts. However , all of the fabrica-
t ion techniq ues can be considered as built up of several unit operations wh ich
w i l l  be desc r ibed  shor t l y .  G e n e r a l l y ,  batch preparations fall into one of two

broad categories: 1) Those in wh ich all the constituents are added in the
ini tial formulation and 2) those in which sub formulations having different
par ticle size distributions are blended to yield the end composition . For
c l a r i ty ,  these two types of batches will be referred to as 1) master batches ,
and 2 )  blended batches , respectively.

1 - Un i t Opera t ions

a) Batch formulations

In gene ral , 100 gram master batch formulations took into account the
o~:ygen content of the Si3N4 and A1N constituents , and also the amount of

m.Ijor contaminat ion from ball milling operations . In order to do this , logs
were kept of the gr inding media weight so that material from this source could

h~- predicted with reasonable accuracy.

b) Ball milling

Master batch c o n s t i t u e n t s  we re added d i r e c t l y  to 16 oz.  wide mou thed

~~~~ polyeth y lene bottles which were approx imatel y half filled wi th a known weight

17
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of either react ion—sintered Si3N4 grinding media manufac tured by Miracle
Ce r amics , or Nor ton hi gh—alumina media. The chemical compositon of the high-
alumina media is given in Table 4, page 27. Methano l was added to cover the
charge , and was milling carr ied out for the predetermined length of t ime . •

Rolling speed was set for the different media by adjus t in g by ea r f or max imu m
uniform grinding action . The motor control setting so established was used in
al l  subseque nt runs using the g iven media .

c) Dry ing

Mill jar contents were emptied into wash bottles. A large tray of aluminum
foil was constructed , placed on a hot plate , and a smaller pla te of 1/4” alum i—
UUU1 was placed in the center of the tray and heated to about 100°C . The wash a

bottle was continuously agitated while the contents were sprayed onto the
ho t al umina plate. Evaporat ion of the methano l was rapid , and the dry powder
was per iodically scraped from the plate into the surrounding tray using a
teflon scraper .

d)  Screen in~

In instances where test samples were to be made from master batch material ;,
this was passed through either a 20 or 100 mesh screen in order to break up larger
agglomerates prior to cold pressing of samples. This step was eliminated if
the master batch was to be prereacted be fore blending with other constituents.

e) Prereact ion af_mes~eL 
batches

The spray dried powder was lightly tamped into a 2” diameter BN cruc ible.
A lid was fixed to the cruc ible wh ich was then placed in the chamber of a
carbon resistance element furnace. The chamber was slowly evacuated , then
back—filled with nitrogen , and the sample fired to the desired temperature .

f) Preparation of X phase powders

Prior to preparing the X—phase powders , some melting experiment s were
performed on two proposed X—phase compositions. These will be described in —

Sect ion II , C2. Following these experiments , a batch of composition S13A16O12 N2
was prereac ted as described above . Pellets of the prereacted powder were cold
pressed and placed in a RN cruc ible , and mU—l ted at 1760 C. The cooled (crystal-
lized ) material was crushed using a tool steel iwrtar and pestal . A magnet was
passed through the crushed material until no further pick up of steel par t ic les
was observed .

22
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g) Preparat ion of coarse Si3N4 powder

Coarse grained S13N4 was initiall y obtained by c r u s h i n g  some of the
Miracl e Ceramics Si 3N4 gr ind ing cylinders with the steel mortar and pestle
to obtaLn mate rial in the — 100 mesh range’. Fine r material was produced by dry
ball milling the —100 mesh powder using Si 3N4 media. After each one hour
increment of mifling , the —325 mesh frsc t ion was collected , and th ~ rema inder
t eturneei for further m il lt n g . An attempt was made to remove iron contamina t ion
i ntroduced from the stee l mor t ar , but it was discovered that the crushed powder
i t s e l f  c on t a i n e d  a magnet ic i r . ip u r i t y .  (Even the or i g ina l gr inding cy l inders
were a t t r a c t e d  to a strong magnet). After some initial experiments using the
k-rushed grinding cylinders , a source of f a i r l y  coarse gra ined Si 3N 4 was
l ocated (Ward Chemical Corporat ion).

I’
h) Part ic Ic size se’parat. ion

1) Sc reeni ng

P;irtjcle size’ ftac t t~ n~ in the range’s —100+200, —200+325, and —32~ mesh
were obtained by screening .

2) Sod iment at ion

The screened nominal particle size fraction s contained substant ial amounts —

H f  f in,’r material ranging in s tze down t o  th 1 imi t s of resolut ion of thi’
opt u-al microscope . The coarse fract ions were “cleaned up ” , and the —32 6 mesh
¶ra ct ions of X —p h a s e , ALIO6 A 1N , and the cr ushed and m i l l e d  Si 3N4 cylinders
were cut to about —44 +10 P frac t ions by the following techni que . The screened
trac t ions were placed in graduated cylinder s which  were f i l l ed wi t h me th an o l
to :i hei ght of about 10 cm. These were stoppered and shaken , t hen a l lowe d to

~-t and for 10 minutes .ifter w h i c h  the  l i qu id  h o l d i n g  the  f i ne ’  suspended part i—
l ea w~is decan t  ed .  T h i s  was re peat ed f i v e  t imes and removed iSOS t ~f th e

material below ab ou t  10 P

The above’ technique was not suitab le for use with the’ Ward — 126 niesh

St - 1 N4 powder because of t he  relat ively lugher concentrat ion of — t0 P

1-lat  or  ia I , and the t endencv for this to ~l~ g l t~uorat e ~n me’t hano I . Thi’ tin e
nate ri;i 1 was removed from thi s m aterial using the f o l l o w i ng t e c h n i q u e’ . Ah~ ut
15 grams of Ward Si 3N4 and 2 drop s of Torg i tol I SS—Q we’re’ added to 900 ml
Hf dis tilled water in a 1000 ml beaker. This was stirred vi gorously ,

~
il towed to settle for 20 minutes , then the liquid decanted . Fresh water was
t he added , and the procedure repeated four t imes. The sediment was then
stirred in a fresh change of acetone several t imes , then allowe d to dry .

At



i )  Fiii e—eo~ci se’ ~~a rt  tc !t _b1endui~

Three  t e c h n i q u e s  to  i- blending t inc and c oa cs t . gi  a i ut -a ~‘owd c i  s were enip 1 o~ ~
- -~

Uho Sc’ were 1) t cimb i i  ng t he’ processed cons t i tu e  ut  s ti ry i n  a I vi ii s l i t ’ 11 h1 iid i .

2) preparing a slurry 01 t h e ’ constituent powders and a cet o n e  in l a rge  mci t -u
m d  St ir r in g  t Li is Wi tlt a nv Ion rod cent i i su I t ic i cut  ace tout’ ~thel ~ V ~t~t.t I so
tha t the slurr y became “st  itt ’’ . The st if t s l u r r y  was  t h ou  al lowe tI t o  div i . i  i i i —

ou t  fu r  th o r ag i I at ton . The dried cake was b rokt~n up  by ii gil t h.i i ~d gr i net i i i

t u e ’n passed t h r o u g h a 2t) ine’sh s c ree n .  3) The’ to i i st i t u o nt  pow dt ’i s we~i , mi 1 1~~t
or 2 hours undo r met  l iano I in po 1 v et  hv 1 ,‘ue’ ta tS US ug 1 / 2 ’ d time’ I ci pc lv  s ~

- —

rene h a l  [s. In some’ in s t  .e i t ee ’ s , 2 yb (so I ids b a s i s )  o t c aihowa x wi s was ~i t t t i e  a o

t ho mi it o SOrve .es a hi ode r when t h e ’ p~ wde ’ rs we i- c pros sod i nt  c h at s  . f t c

‘al 1 nu I I ~-h a rgt - was t hen s pr ~ev dri ed as do Sc ii he’d in Soot ion 11 h Ic .i hc ’vt - .

~) Press t i i e  ot  t e s t

Samp l es we’ i -  p r e s se d  in  cit hit ’r cv i i net r u -a l  or i ,ct .illgu 1 a i s e e l  in , - - - -

a p i e s  s t i l e  0 t abou t lid , 0(h) pSi . Ft ie ’~ e wo i c  t t i e ’ p 1 ace ’d tnt o i u h  be i h a g~- t a t

i sos t at  t e a l  lv repros seet . E ar l v S~UU~ i t ’S We’ i t ’ p r - s sed to ()0 P~ 
. F a t  l i i i  t ’ , ‘t

the 1 at ge i sos t ~e t ic pr e s s  limited I a t  e’t sanip It ’s to d i )  
~‘st . Pies st i r  t - wi I I ~a

i iid ical ed tu sub seq uc itt tab los . Rt ’ c t tilt 1 a i h a - - s had di mc - us t otis _ l i t pi~ ’x t i l l _ I t e —

1 y e n  x 0 . ~ , c in x I) . I c iii

k) ~.tIc tntn~ test h.irs

bars vii ichi we’te’ prt’sst.’d I tom powde’ i - ; cout a t  n i t i g  carhowax h tndt -t we - t o

l ie ’ at i’d L U  .111- t o  bUt) C t o  b u r n  on t I lie li tid e t p icr to I i i  tu g

1) F i t  i ng  ci ~ i e s s c ’d ~_ i mp 1es

Pres sod ha i s  w e r e  I i t - i’d L u  tIN c l i l t  ib it’s IL l  Out ’ ot St’Ve ’ r t i  1 con t i g u t  a t  t o n s

lii cc i i  t I gur at ion I , sam p le s  we’ t o  I ECe ’ st .Ui~I tu g  ii t t i e ’  c r ue ib it’s w i t  hi bar
.amp It s st aud i ng Vt’ rt t e a t  lv  . in e~out i gu i . .11 i o n  - ‘ , sam p le ’s wci~’ pa ek ed i i i  pot.’ —

di ’ r o I out’ ot t h e ’ mas t or hat c l i  comp os it b i t s .  Ii; coil t i g l ir a t  ion I , pr t ’v i o u s t  v

I t r o d  S tA li)N b a i s  w or e  used t o  c o n s t r uc t  a c i i t i m l’er  ins ide the  RN rU e  ib It’ i i i

wU icli t lie tin t i red ha is we i-c IiC~S ted . Uho space’s hetwe’ on t ho c l i  .i inhe I Jiiti (lit ’ tit~
cruc i h i t’ we to t ii led w ith .1 m i xt nrc o nit t i i-ed 1’owdor and grog obt a t  nod L’~
o r u s h  iug  some’ prey i Oti s lv tired S iA iON bars . t u e  coil 1 i gui at ion ,iii,i poW ele ’ i p a ck

e oinpe t s it t oil , I t us e’d , vi  [1 be’ t de ’nt it j~ et i i i  the’ ~ep Pt- op r tat e (.et’ I t s  . RN It ds

IJC’ i O  ~t1 aced on 
(lit ’ e rue ihlt ’s wit icR we’ to t h e n  p 1 aced in g ra p h i t e  tic I ~i’ is  wIt i .  Li

h ad sc rew tops to h o l d  t h e ’ lids in  p l a c e  d iu r  i ug  e v a c t i t e t  t on . l’ho e’ i t i t - ib to and
h o l d e r as somb lit ’s were’ p 1 iced i n  .i g rap h i t e  ft’s i st  a n c e’ clon ic ’ u t  I urulac - e . I t ie ’

i i  r i l .u c e  chambe r  was e ’v acua  t ‘d anti  hat’ k— I i I It ’d vi t Ii n it r ogen to at mosplit ’ i t e —

:;u re’ a tot at ot  t t i t ’ e’ e~ t tine’ s , then a slow it OW 01 n i t  roge’n ma t n t  at  i i t ’d t hroiig li
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the furnace edur ing firing . A varie ty of heat ing schedules were employed which
will be identified in the appropriate text or tables.

in) Heat t rea tmen t of samples

Selected samples were packed in powder of com position SiAL 4O2N4 ( 1 5 R
phase ) i n s i d e  BN cruc ib les  and heat ed on different schedules in nitrogen
atmosphere .

C. Sample Charac terization

1) Prepar ed Powders

Phase identifi cation of pr erea ct ed powd e rs was m ade us ing XRD techni ques .
Par t i c l e si ze and morphology o f m i l l e d  ha tches were asse ssed by SEll examina-
t ion of ultrasonically dispersed powders. The various particle size fractions
obtainod by screening and sed imentation Were examined by optical transmission
microscop y of powders dispersed in oil cinder cover glasses on microsco pe’
s l i d e s .

2) Mt- It m g  Point Determination

P e l l e t s  pressed from p r er e a c t e d  powders  of X phase composition we re’ placed
in small BN cruc ibles in t h e graphite furnace. The furnace was then heated t o
different temperatures , and a W—Re the rmocouple ’ in close - prox imit y t o  the’ pt’l—
lets recorded their temperature. The melting temperature ’ was bracket ed by
vis ual and meta llographic examination of the cru - ible con tents following cool
down to room temperature .

I )  C h a r a c t e r i z a t i o n  of F i r e d  Test Spec imens

a) Microstructura l examination

Bulk density , specific gravit y , and apparen t porosit y of sintc re ?d spoc imt ’ns
wore dete-inined by ASTM test C373—5. Microstruc t ures were exmtin inc-d on polish ed
a-id etched sections of test samples using optical microscopy and , in selected
instances , SEll and EDAXR (Energy Dispersive ’ Analyses of x ravs). A lso in
se ’lecteel instances , x—ray diffrac t ion patterns we’re obtained either tr e~n t h e
surfaces test bars or from crushed and ground samples. Surfaces eel selected
samples  t h a t  had been heat  t r e a t e d  in  packed powder were examin e d  1w XRt) a f t e r
success ive  depths  of m a t e r  ial  had been rt ’moved by sur f a c e  g r i n d i ng .

L --~- - —-~~~~~~~~~~~~~~~~~~~~~~~ _ __ _  ~~
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b) Modul ua of rupture t e et i~~~

Test bars were ground flat and parallel to approximate d imensions 0.10’
2.5” x 1.25” , and one surface was polished through 600 gr i t SiC paper.
the ed ges of the polished tensile surfac e were beveled about 0.01” at  a 4Y
angle. Room temperature strength measurements were conducted in f o u r - p o i n t
tlexure with the outer span of 0.75” and the inner span 0.375” . Cross-he -~a1
speed was 0.02”/min. strength measurements at 1370°C were conduc t ed in Lhr ,-e --
poi nt flexure with a span of 0.75” . Sel ected fracture s u r f a c e s  v o i c - e x a m i n , - i

i n  the  SEll in an a t t e m p t  to identify the nature of the flaws that controlled
str ength.

c. Creep test in1

Specimens in the above configuration were loaded to 10 kni in thr ee -—point
ilexure at 1370 C under argon atmosphere using t ungsten loading p ills , and
deflection—time curves obtained . Strain was calculated from t he ’ fo r m u l t i

• — 2h (n+2 )

L2 p
where h = spec imen thickness

1. span
cross—head displacement

n the  emp i r i c a l  s t r e s s  exponen t  01 creep rate.

The stress exponent n was assigned the number 1 7 S .

d. Static oxidation testing

All surfaces of rectangular specimens were p~ 1ishe’d throug h bOO grit Si t

pape r , and the geometrical surface area of the specimen was measen t’d . Samp lt ’~
were weighed to the  nearest tenth of a m i ll i gr~~t and placed on a pl at m u m  t r a c

that was construc t ed so as to support the’ specimens along two lin , -s ot c o n t a c t

and leave all surfaces exposed to  the a t ino sphe rt  . The samp le’s we’re’ t n t  r o d u c e ’d

into a preheat e’d t urnace’ in air atmosp here and i e’m~ ve’d t rom the t i e t  n a ct ’ t ” - r  tod - -

u cal l v , and wei gh t e d . X—ra y diffraction patterns were - obtained treim t he ’ oxi—

d ized s u r f a c e , t h en  the  sample mounted  in resin , po ii she’d , and ox un t ned  int ’ l i t  -

lo g r a p h i c a l  l y .
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e. Dyn amic oxidation - erosion testin1

The erosion test apparatus is shown in Fig. 13. The cen t samp le was
c lamped between refractory brick jaws mounted on a traverse table. The sample
and table were aligned in front of the orifice of a prop&ie — oxygen torch
prior to ignition so that the flame would impinge on the sample surface at 20°
incide nce. The sample was then withdrawn from position , and torch ignit:ed and
l-rough t to approximate steady state operating conditions. The samp le was the n
driven into the predetermined posi t ion , and the torch fine—tunel to gi v e  the
desired surface temperature and flame velocity. Surface temperature war sensed
by a radiation pyrometer focused on the hottest spot of the samp le and was
record ed throug hout the run . Flame velocity was calculated from chamber pres—
t- ure. Erosion was judged q uali tat ivel y by SEN examinat ion of eroded surfaces.

TABLE 4

Composi t ion of Hi gh Al um ina
Grinding Medi a

A1203 88
Si02 10
CaO 0.5
Na20 0,7
1(20 0.3
Fe203 0.3
Ti02 0.1

“7
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III. EXPERIMENTAL RESULTS

A. Organization

The results of the various processing Invest igations will be organized In
terms of the different approaches that were set forth in the introduction and
the phase field in which the composition of the body under consideration lies .
The sintering and microstt-uctural characteristics of the variously forinulatc~
t’~’dies will be considered first , then the physical properties of those bodies
that were tested will be discussed .

B. Process I — ~~~
‘ Bodies

I ‘~ ~‘o~~~’os it tons S~ 
-

oi~pos it ~~ns studied art.’ p l~~t ted on Fig. 3. The chemical tormu Lao and
l :~~4 U ~~~’d phase ident it ies for t he  i n d i ca t e d  coinpos ic  ions ar e’ l i s t  eel in Table -,

TA1~IE S

PROt i-SS I
COMFO Sill  ON S

(See Figure ~fl

CL’in~ O5 l’~ Ion
Number Formula A Vha~~e

9 S iA1~~0~ N~ 15R

10 S i 2A l  0 ~‘

1,1, Si iç,Al isc 1~~N-~ ~ (Niak ~
’
~

12 Si
~
,\1
~
0l ,~~

, N (1 , I V d L ’i~~
1
~~

i’s 5u l s ”l l s l ~~~~, ’ s

(I



u - -c cut w ’r k 1ev N,t ik et  a 1. (Ret . ~) has assigned t he c o ml e o s  i t  ion S i 10Sl 1 5~X — p h a s e .  Our  p r ev i o u s  w o r k  (Ref . 3) ~uund Si A1 6id 1 2 . \ . t o  he e s - - , - a t  i d  ~
s ~i ig  1 o p ita si ’ X , and our  interpret at ion of t he  phases ob oe rv~ d iii  a d j a c e n t
t.’~’mpos i t  ions c o o l e d  f r o m  d i f f e i t - u t  t e m p e rat u r e s  su g g e s t e d  tha t t h e  he ) O t I a  i t

r L u g e  o t  X p h t s c  p r o b a b l y  i ’X t  ended t o  a b o u t  Si3 A l  r
e - ~~~ i . ~ 

as z oS’i i i i i

Fi g. 3. Thj s’ n ,  be written as Si 0 8A 115 4 O~~ , h 7 whi ch is esst’nt iall y i d e - s t  ical
h t he c o m p o s i t  ion assigned by Na i k .  The end members  of  t h e  1SF s o l i d  s ol u t  ion

st.-r ies have not bet- n estabi ished proc isely , nor have the t it. line’s le t s- e cu 15R
and ‘ C om p o s  it i on s , but  we assume them to  be :‘pprox m a t  c i  v as m d  t e a t  ~ i on F I .

I .

2 Pr o  r e a c t  ed Fo s e l i r

h a t c h d a t a , t i r i i i ~ , st.’ he d u i e s , and XRP dat i t or prereacted p ha se s a r t .  g i v e n
is Fa bl e ~~ . Exc cirt f o r  X — p liase powders , t h e  m i t  j al t iring wa s  i n su f f i c  ien t  F

to convert tile powders to the d e s i r e d  p ha se . Thesc pots~1ers were I i~- h t  lv  h ; ” d
p ound til 0 proc cIa in :nort .i r and ref ired OS I i a t  od in l a b l e  6 . ~he p r e r e a c ’ r d  - 

-

sos w e r e  c ici r ae  t er  iCed  and t ur ther proc es z-zcj  a s  desc r ‘bed be l o w . —

1 .  X— P i i , t s e  IThe assumed end members  of th e  N —p h a s e  om og e l i e  i t v  r ange  w e r e  p r ep ar e d
h t h  ~ a\’ t’ very s i m i lar  d i f f r a c t i o n  p a t t e r n s  co r r e s p o n d i n g  to  N — p lta ;e ( R e f .  3 ,
p .  16) , howev er , t i c  p a t t e r n  f r o m  the  S110A1 15 0 3 , N 7 co mp o s i t  ion e x h i b i t e d  sh ia r ~~ci
pc~~ks o t  ~ r~ ,t t e r  in t e n s i ty , as was a l s o  ob se rved  b y N a i k  ( R e f .  . liii niP t tug
b~ itav ic r of ‘oth compos  i t  ions was  observed  as d esc r i b e d  in Sect  ion I I  . F e l l  i t  -z

ot  bot h comp os  it ions ~h~ wed no ev idence ot melt  ii’g when hea t ed  t o  1700°C , and

~‘~~t h  appea red  to have been m o l t e n  when cooled f r o m  1750°C. The c v r z ;t a l l i ; ’ c d  m e l t s
wt.- r e  m oun ted , po l i shed , e tch ed  w i t h  HF , and examined m e t a l l o g r a p h i c a l ly .  ~~i c i o --
.~ i i phs  a r e  shown i i  F ig . i - i . B oth  sam p les a r e  seen to  c on s i s t  of l a r g e  c r v s t  ~ls
ot  X — p hase w h i ch  c on t a  in i n c l u s i o n s  of small  l a th  l ike  c ry s t a l s , p rob a b lv -,~’
Uh e  S i~~~\ i  150 5 2 N 7 comp o s i t  ion also e x h i b i t e d  some g l~~ssv p hase  in rz i  in b o u t i d a r  cs .

i t  is not  c l e a r  whether the smal l  inc lusions represen t  undissolved  m a t e r i a l  in
the molts or (perhaps m ore  1 ikctv on the basis of niorp ho logv )  prec i i ’it at e s  tha t
t e rmed in t he me l t  as a r e s u l t  of changes in melt compos it ion b e cau s~’ cr 1 d i s —
p i  opo r t  i on a t  ion . T h e  c r v s t a l  l i z - O i l  melts were fu l  1 of bubb le s , and ap p e a r  t e e

d i  s pr c p~’r t  i on a t e  at  t empera tu re s  onl y slig h t l y  above the  m o l t  ing p o i n t  a t  one
a t m o s p here  of n i t  r r ’c e i i  p r e~~s e r e  .

S e v e r a l  l a r c ,e pc i  l e t  s of the  p r erea e’t ed ~K — p h i a s e  ( h a t c h  12 . 11 we’re m e l t e d ,
c iu sh e d , and screened to  d i f f e r e n t  p a r t i c l e  s i ze  distributions as describe d
ft Sect  ion 11 . Opt i cz i l t r a n s m i ss i o n  phot ogr a p hs of d i f f e r e n t  S t ? e ’ f r i c t  ions  -

d i s pe r s e d  in 1 .72  index o i l  a re  shown in I - i g.  15 . ‘
1

- a~s —- - - 
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Fig. 14 Etched Sections of Crystallized Melts of Proposed X Phase Compositions
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Fr . ‘ end I ‘~R i’ha se -i

Fh1 - I SR p hase’ compos it ion batched from Si 3N4 , -~ l 0 and ,-\ N ( h a t e  ~~~ C i  I
in t l  5)~~ 2 ot l’ , e b l e ’ 61 , even after the second heat treatment , d Id no t  ~ x h I l i  I t  I lie
ct  z t i t d , er d d I t  I t~~tc  I, ion  p i t t  t e rn  we hod prey ions ) v reported t o t  t he conpo :; it I Oil
S i A l ,4 I t r N . ~ ( R e t  . . P. 17 1 ceithiou gh t h e  patterns were -;int i b r  . I ’i ie .e ’ p it t t e n ts
at  e ~ 1 t’e ’il  i i i  Table  7 . It I- ; p o s s i b le  t h a t a mist ake was nlad e i l l  t in- i ’a t c  II lug
e r t t It is e’ompos It ion .  A st ’s oiid b at ch  was pr ep at -ed f r o m  510 , and Al N wit ic -li ~ id 2 CI
i n . i t  i’! ij  I w h i h l i  e x h i b i t  t.~s l t h e  st a n da r d  d i )  roe t Ion pa t  -i •n (pl it s  a I i , i s ’ e ’ e ’f C ‘ ‘1
a I t or t lie ;eiconel t in lu g .  I’hte C ’ e’ompos it con I.e om~ros it lou 10, Tab] C - I l l  C~’, I  a t i ’tiii ,l
t o  ho C ‘ p i t t . ; a t race o t S I i t  t er tht.’ aee ’oiid f i r  tug

S.inij,i l  e Fieb r I s i t  IOu

St epa lit t lie t c i b r  I r a t  ion of ) ‘lSC e’ e’ss I s anj i  i t S i  a i -~’ i h t e i w l i  i l l  I i i  I I C C I C  S l I e r  t ,
F i . Ib , and p i o c  ess Je t  ;i ii a and h a t c h  numbers  a t ’  p r eu t ’ll t eel iii Izi I I  e S .
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TABLE 7

DIFFRACTION PATTERNS OF 15R AND UNIDENTIFIE D (U
1
) PHASES

15R Phase u1 Phase
0 0

1/10 
____ ____

2.786 70 2.79 16
2.73 70
2.69 32

2.597 100 2.61 100
2.55 25

2.493 30 2.49 20
2.45 35

2.390 50

2.36 70
2 .33 1 15
2.215 12 2.21 20
2.149 12

2.05 8
1.992 4

‘ 
1.967 12 1.97 8

— 

1.89 16
1.847 25 1.84 6

1.82 40
1.792 20
1.679 7 1.68 4
1.536 10 1.55 14
1.507 60 1.52 70
1.491 12 1.50 16
1.409 4 1.41 10
1.369 17 1.39 11
1.325 25 1.33 35
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TABLE 9

FORMULATION OF 8’ C0?IPOSITION 17
- (Si3A1303N5)

Stoichiojnetrjc
Phase Weight (g) yb

12S12A1ON3 1694.28 56.02

3SiA1402N4 672.15 22.22

1Si3A16012N2 658 .17 21.76

= (10 S13A13O3N5) (3024 .60) (100.00)

TABLE 10

FIRING CONDITIONS, WEIGHTLOSS AND DENSITY DATA
FOR PROCESS 1 SA~(PLES

Dens ity Data
Firing Conditions Firing Apparent Specif ic Bolk

Sample Config— Temp Time Weight Porosity Gravity Density
Number uration (°C) 

- 

(hrs .)  Los-s (%) (%) (g/cc) (g/cc)

17.1 1 1750 1 5 35 3.07 2.00
17.2 4 

- —

17A.1 1 1750 1 5 26.6 2.92 2.14
17A.2 4 23.3 2.89 2 .22

11A .3 1 1775 1 11 34.7 2.91 1.90
17A.4 9 33.5 2.98 1.98

17B.1 1 1790 1 29 52.9 3.23 1.52
17B.1 13 37.1 3.10 1.95

(1) See section II.B.1.1
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TABLE 12

MASTER BATCH FORMULATIONS

Batch Constituents (grams) Milling*
Number Si1N4 A1203 AIN Tech nique

KBI Sn—402 Wan

27,1 36.67 13.33 0 1

27 .3 64.18 20.68** 0 2

27 .4 36.67 13.33 0 1

28.1 32.09 11.66 (-‘ .25 1

30.5 86.1 13.9 3

31.1 48.00 34.87 8.57  1

14 .1 92.12 5.2) 0 2

35.1 17 .37 12.63 0 1

35.2 49.53 36.00 0 1

*1) 16 hours, SI3N4 media
2) 90 hours , alumina media
3) 3 hours, alumini media

was antici pated tha t 2 .64 grams of A 1 2 03 would he
contributed by med ia wear.
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is the ~‘—X f ield (l.~~., 27 , 31 and 35) served a~ mas t e r  ba t ches  supp ly ing  the
f ine gra ined S i3N4 and A1 ,03 c o n s t i t u e n t s .  Formulation and processing date of
these and other master batches are given in Table 12. Processing and properties
of blended—hatch bodies ith compositions falling in different phase fields will
b-� discussed separate~ y -

11 ~
‘ — l5R~~~~ p~ sitions

With the exception of Sample 28,1.1 which was prepared from fine grained
p~’wder (master batch 28.1), bodies with compositions in the 6’ — 15R field were
pr epared f ollow ing the f l ow sheet , Fig. 10. The formulations and batch blending
methods (see section IIBI1) are presented in Table 13. Both as—screened and

TABLE 13 r
FORMU LATION AI~D PROCESSING
OF 6’—15R BLENDED BATCHES

Consti tuents  Blending Techni Que
Butch Mast er Batch A1N Carbowax

Number Number Weight —100+200 —200+325 —325

2&.3 27.1 2.188 0.312 2

28. 4 27.1 2.188 0.312 2

28.5 27.1 2.188 1L312 2

28.6 27,3 2,188 0.312 2

28.7 27.1 43.76 6.24* 1 3

28.8 27.1 28.88 4.13* 3

32.2 31.1 32.0 3.0* 3

3 2 . 3  31.1 32.0 3.0*

~‘ Se tt led
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> L I 1 S V  s~ t t he saInt ’ observa t Ions tha t were mad a regard i u mg t Ime jirsis e’Si-i .~ I - ’ — I ‘l
7’ Iiil )’ I t ’ ll .11 sa ap p  I v  t s  t lit ’ 5 ‘ Sam1)! as. However , as ant ic ipat ed , in  o s n i  s’ra 1 I I a -
Lit t c i  sam p les were Ins ’ t e  dense .  For examp l e , t es t  bars  ~~ 1 1 .3 COiI li iSis  i t  i c_ i l l  I I I s  I
a I 750 °C ta r 1 hr thud an avs-r a g e  h u l k  dc -us its’ of 2 .73 g/cs’ compared I a tha t

Si  t l t t ~ a la s t - I s - adj  ,icent s ‘ —1 5R s’ompos it ion 3 2 . 2  bars f i r e d  under  the same
send i t  Liii w h Lii had an a v e rage  d e n si t v  s_ i t 2.44 g lee  - Aga in • f i r i n g  of t e s t
b ,i r s i u m a powd er p i c k sit  t he ma s t e r ha t e l l  31 - 1 r esu l ted in enhanced  d s’u s i I is;i t [oil ,
a C  st’s-n I rem )~i l ’I  ~‘ I t-s and P i g  - 27 , which  compares the  m i c r os t r uc t u r c  of sanip i as
I .2 . l  and 1 1 .2 . 1 .

Na t e a l so in F c_~~ - 27 , t hat  hot Ii samp les csintained a few r e m n a n t s  sit same
ot  t he  l a r g e r  ~‘r i e , inal  A 1N p a r t i c l e s .  S imi la r  r emnan t s  were observed in 33.1
samp ~~~~ as a l i s ’wii in F i g. 28. Tb is shows many p a r t i c l e s  in the  s ize r an g e  a round
‘S ~~ )~ l~3~ t hat  •u r e  ss ’j i ar . i t e d  f r o m  the  surrounding material by reaction zones .
two suc h p a r t  i s I s ’s are flagged with arrows in the u p p e r  m i c r og r a p h of F I g. 2 S , - I

5i nd p Ic t tired .it higher m a gn i f  [ca t  ion b e l o w .  The pci ished seat  ion was ex am  [ned
wj t  Ii SP>l and EDAX , and s i t  i con  and .1 luminum d istribut ion maps a ht a in e d  . These
a re  shown in - .1’). It can he ses’n that , as nea r l >- as can he j u d ged f r s ’m t he
ci  t ’:Sie l l t  n c_ i j ’s , the reas’ t j  Oil  zones have an Al i~ i rat is c_’ha ra c  t c - r i  st  ic at  t he reacted 

C

beds  • whis ’r s ’as the  mat  e r i a l  ins  ide t he  r e a ct  ion zone is dove  id st  Si , h i g h  in ‘ci -
a uid in i l  I p r o b a b i l i ty  is unre5icted AIN . Note that t he  ch i e f  d i f f s - r e nc es
between s.imp 1c _.s 13. 1 . 1. and I I . 2 .1 were t i m e  p a r t  is is s ize  f ra c  t i c _ i n s  of :\ I N , and
(lie f i r  1I ls~ sc’liedules. Both t a c t o r s  wou ld f a v o r  a f a s t e r  react ion of MN lU t i le
s’jSt’ at  1 1 .2. 1 . These trends are ver if ied in exam ining  the  m i c r o s t r u c t ur e  of
s~i:s1p Ies  1 1 . 3 . 7  and ~~~~~ shown in Fig. 30. Samp le 33.3.7 , which used s e t t l e d
- ‘ 1 ’ b ui t ’sl l  A I N  and c_- ,is t ired tc’ 1780°C , is v i r t u a liv  f r e e  of u n r e act ed  sUN , w h er eas

in  t h e  5, 1St’ samp le 13 . -s .1 w h i c h  was fired to only 1710°C (below the ~o1idu~
t s ’ : - sps ’r , i t u r e )  , V i r t u a l ly  a l l  of the  larger ~UN particles shown thin react ion SOules ,
w i t  ii me st  a t  t he A IN reuna in ing u n r  eat ed

F i g u r e  10 is m o a t  I n s t r uc t  ive in terms of understanding the failure at the
1iracess 2 5 ’ ansi 5 ’ —l 5R samples to densit y f u l l s -  in sp i t e  of t he  f a c t  t h a t  cons  i d —
a rahle li qu id forms in it ial  Iv when samples are fired 5it  t e mp e r a t u r e s  of 17 ’ A)
anti abos ’ c_ ’ . Exa m m a t  ion of I-’ I 5 - 30B shows t h a t  cons iderab  I a  hr  idg ing St t i m e  c 0,11 7~s,’

p a s t  is i~a; hi~ts a~’ c c _ u r i - t ’ 5I wh ich p r o v e -li t i-s a u n i fo r m  t i n e — g r . i i i i e d — m a t r i x  slit’ iuikags’ .

I u : it  s’,id . a d i a  i t ihut ion e t  Ia rge por t ’s u ssec iat  ed with hr id g i ng ef c t ’)a r s s ’ p a r t  is 1 s’S

is  generated  . If one compares  th e  d i st r  ib u t  ion ef pores  in samp is’s 13 . 3 .7 and
1 1 , -+ - , s’)Ils’ c m  in  ft ’i’ t h a  t when the  sol idus t e m p e r a t u r e  is  rs ’ached - I a r go \s~ isis

end t ci Sp lit’ re ’ is! i _ _ s ,inel shi rink .us .i i-c su 1 t of  g e ner a !  i-dir in k ag e  a t  the  b ad s- in
r espc _ inse t a i iq c_ uid SiiF I 1 s t ’ 1 eiiS Ion t s ’ ice s — S imul  t an eemu s  Iv , ha we ’vs ’ I - l i i i’ s\ - st  e SSI

be~ i ii s  to  so I hUt  v i i i  1 I qu f  ci is  uss’d up in re , i c  t i c i i i  - The end r esul  t i s t lie
sp hie r c __ i I e1 i~’s’ shi , i r , u s t s ’r i s t  ic _ S i i i lc r o st r u ct u r e  a e) f l s i st i i i g  s t  .1 d ist ribu t ion s’ ) t  ps ir s’s
sit ’ ii Iit ’,lt Ing ,in m t  t’r ce inncc  t t ’d s t r u c t u r e  s_ i f h i gher than ,iVs ’ t’ ,i gs ’ si s ils I t  V •
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The degree to which pores have become isolated can be assessed by examining
the apparent (open) porosity, bulk density, and specific gravity data. Of all
the samples for which specific gravity data listed in Table 16, the only samples
that exhibited an average specific gravity value equal to the X—ray density
of Si3AI3O3N5 ~~~ 

— 1.08) were the 33.4 compositions fired at 1710°C. Under
these firing conditions all the porosity was interconnected , and the apparent
poros ity equaled the total porosity calculated from the ratio of bulk density
to specific gravity. The remaining samples have lower specific gravities
Indicating that closed porosity exists. The total porosity can be calculated
f rom r a t i o  of the bulk density to X—ray density , and the difference between this

and the apparen t poros i ty  is the closed p o r o s i t y .  Thu s fo r  samp le 3 3 .2 . 3  (Fig .
27B) the total porosity is 6.5 percent 1 apparent (open) porosity 1.6 percent ,
and closed porosi ty 4.9 percent. The total porosity thus calculated is an agree-
ment with porosity measured by statistical method s from Fig• 27B.

Because a mechanism exists which tend s to entrap closed porosity during
process 2 fabr ica t ion , the goal of fabr ica t ing f u l l y dense bodies by this
techn ique appears difficult to achieve .

3 ) 8’ — O ’ and B 1 —0 ’ — X Compositions

The var ious composition 30 blended batches are given in Table 17. Batches

TABLE 17

FORN JLATION AND PROCESSING
L~’ BLENDED BATCHES

Constituents_ (prams) 
_____

Ba tch Mas terba tch 
__________ _______ 

Bl end i ng
Nu mber Numb er WeI~~~ —i0l~f200 -200+125  — 3 2 5  l’os’hmn l gtuv

30.1 27 .1 1. loS i.iqs 2
- i- il she’d

hO . 2 27 _ i  I .105 0.800 0. 125 t - v l  i n de t ’ s -
‘

10. 1 27.1 l. IOS 1.1 (1 5*

l0 . -u 2 / . 1 15~ 0 120* Wa r d

*t - t ~~( t it’sl

** 2 s~ / ~‘ s’,il t’s’wax added

(i  i
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both instances (as in all cases examined ) fracture initiated in the neighborhood
of a large pore at or near the tensile surface. The more dense B’—X phase
samples (Table 19) had an average room temperature strength of 250 MPa (36 ksi) -
The samples prepared from batch 27.3 were consistently stronger (average value
310 MPa , 45 ksi) than the samples prepared from batch 27.1 (average value
195 MPa , 28 ksi). In both sets of samples, fractures initiated at isolated
voids exemplified in Figs. 43 and 44. The average 1370°C strength for batch
27.3 samples was 267 MPa (39 ksi) and that of 27.4 samples was 290 MPa (42 ksi).
Streng th at 1370°C was still controlled by large isolated voids as exemplified
by in Fig . 45. This contrasts strongly with the fracture behavior of previously
fabricated samples (Ref. 5, pp. 63—66) having composition closer to the Al rich
end of the B’ solid solution limit. In the latter case, strength at 1370°C was
limited by the intergranular phase to about 180 MPa (26 ksi).

The average room temperature and 1370°C strength of batch 27.3 samples
and the average 1370°C strength of the batch 27.4 samples are plotted on Fig. 46,
and the data compared to that for hot pressed S13N4 (NC—l32) and two reaction
sintered Si3N4 bodies (Ref. 8). The strength of the SiA1ON bodies is seen to
be comparable to that of NC—350; somewhat stronger at room temperature and not
as strong at 1370°C.

The voids that control the strength of B’—X samples both at room temperature
and at 1370°C must be considered as processing flaws, and it is assumed that
elimination of these defects through processing refinements could result in
substantial improvement in high, as well as low temperature strength of the
SiA1ON bodies.

2) 1370°C Creep

The 1370 °C , 10 ksi, creep curve for  B ’ —X phase sample 27.3.15 is presented
in Fig. 47. The secondary creep rate calculated from the curve is 1.5 x l0~
hr”’. This point is plotted , along with previous data from Ref . 5 and literature
data for an MgO doped Sialon (Ref. 6), two hot pressed Si3

N
4 

bodies , and two
reaction sinttted Si3N4 bodies (Ref. 7) in Fig. 48. The creep rate is seen
to be comparable to that of the 65C Sialon material , less than that of NC—132
but much greater than that of RSSN Materials. It is presumed that batch 27.4
materials should exhibit lower creep than 27.3 because of the higher purity,
especially the freedom from low melting constituents introduced by the high
alumina grinding media . The effect of these impurities is discussed below .

3) Oxidation Behavior

Weight gain data for several of the SiA1ON bodies are summarized in Table
20. All of the 8’—X phase samples tested showed no measurable weight gain
af ter 100 hrs exposure to air at 1000°C. Weight gains at 1400°C were small. 
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TABLE 20

OX I DAT ION DATA FOR SiA 1ON SAMPLES

1000 °C , 100 hr Data

Sam p le s 27 .1 .2b , 27 .3 .13b , 2 7 .4 . lb , and 3L1.l b:
No wei ght gain (t 0.00005 g)

(-400 °C D a t a

~ 
2 

( 2 cm~~~ x 1

Samp Le  r a t e  c o n s tan t ’~
N u m b er  ( l I r s )  1 5 72 (g~~~~~~cm~~ - 

x p 10 )

27 . I.2 ,i 0 0 ~ 0. 8 2.0 1 . 7
27 .~~.13a 1.0 ~ ,0 17 . 0  18 .0
2 7 . 4 . I a  0. 04 0 . 5  1 . 5  1 , 4
iI. 1.I a 0.00 0.09 0.b 0.8
N C — 1 3 2  27~)

*As~~umi ng p a r a b o l i c  k in e t i c s  for  5 hr ‘., t —, 72 ( i r ~ i

The parabolic  oxid,,L ion rate constants for the various ~ j~’~~o~~ are cor’ -ared with
that of hot pressed HS—1 30 (Ref . 9), and are seen to be orders of magnitude
less. No such simp le comparison can be made with the oxidation (-‘ellavi ‘r ot
RS~ N. These materials tend to  exhibit a high initia l weight gain ti ” l ( o w t -d b~’ a
very flat weight gain vs. time curve . The initial weight gain is a f - a n ct i o n  ot ~
the density of the RSSN , and tends to be greater at intermed iate (l000°Cl tempera-
tures (Refs. 10, 11). For both NC—l32 and RSSN , strength tends to fall after
exposure t o  a ir at high temperature. Strength after long term oxidati on expoi~ure
has not been measured for the Sialon materials. However , micrograp hs of polished
cro ss sections of oxidized samp les, shown in Fig. 49, suggest that , at l e a st
for batch 27.4 formulations , streng th would be unimpaired , since t h e r e  is no

~-i -lib1e degradation of the surface.

_ _  --
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Examination of the polished cross sections shows differences in the oxide
scale thic kness that correlate with the relative weight gains of t h e  samples.
it can be seen that sample 27.4.1, which was prepared using SN402 Si3N4 and
milled with Si3N4 med ia, has a grain structure and scale that cannot be re—
solved in the micrograph. Sample 27.1.2 prepared from KBI S13N4 and also
nilled with S13N4 med ia exhibits some significant porosity, and has a relatively
thin scale averaging about 4~i in thickness. In contrast to these samples, 27.3.13 ,
whic h has the same chemical constituents of 27.1.2 but was milled with high
alumina med ia, exhibits a fairly thick scale of 15 or 2Oii . From the media weight
loss and composition (Table 4) one can calculate that batch 27.3 picked up about
0.04 grams or 0.05 w/o of foreign oxides from the med ia, all of which are fluxes
from S102. It is reasonable to assume that the more rapid oxidat ion of sample
27.3.13 compared to the other four samples milled Si3N4 media is the result of
the fluxing of the scale by these impurit ies. It may also be postulated that
these impurities are concentrated In the grain boundary phase(s) in batch 27 .3
samples, where there fluxing action would substant ially alter the elevated
temperature mechanical properties of the body.

4)  Oxidation—Erosion Behavior

Difficulties were experienced in obtaining reproducible firing conditions and
long term temperature stability during erosion tests at Mach 0.8 flame velocity .
These problems were aggravated b y the fa~ t t ha t  heat  t r ans fered  f r nn the I lamt
to materials  tested (~~‘— X phase composi t ion 2 7 . 3  and NC—l32)  was d i f f e r e n t ,
possthly beca use at d i f ferences  in emisivity and thermal conduc t iv i t y .  Torch
se t t ings  that  heated samp le 27 .3 .1  to a nominal t emperature of 1400 °C , heated a
NC - 132 samp le to only around 1270 °C. This was the maximum temperature to which
the NC- 132 samples could be heated with the torch. Different propane:oxygen
r a t ios  were then requ ired to heat 2 7 . 3 . 2  to 1270° C as were used for  NC — l32 and
s t i l l  mainta in  the correc t chamber pressure for Mach 0.8 operation , so tha t the
l iaise s to ich iomet ry  was qui te  d i f f e r e n t  for  the two mater ia ls .  Titu s a quan tat i v ~
comparison of the erosion character is t ics  of the two mater ia ls  was impossible.

S~~1 photographs of the  flame impingement region of Sample 27.~~.2 after
iri tig to a nominal temperature of 1270°C for 3 hrs are shown in Fig. 50.

~~i~ ficulty was experienced in obtaining good resalution in the SEM because of
t endency of the sample to become electrically changed , part icularly in the
e roded region. It can be seen in the high magnification photograph that there

~as no evidence for flow of material at this temperature . The grainy appearance
of the eroded surface Is on the same scale as the gra ininess exhibited by the
polished section (see Fig. 49). However the grain boundaries are very prominent
on the eroded surfact. and appear to have been etched by the flame .
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This sample wa s found to be cracke d when it was unclamped fr om the suppor t
blocks . The edges of th. cracks as seen in the lower photograph are sharp and
flt’t excessively eroded , which suggests that the crack occurred during cooldown .
The crack may herald a thermal shock problem with this mater ial; this remains
t~.’ be investigated . Sample 27.3.1 tested at 1400°C did not crack. SEN
photographs of Sample 27.3.1 are shown in Fig. 51. Here the central region
1:. seen to be pitted on a scale of about lOOu (.004”). The “land” between
pits has a graininess on the order of that seen in Figs. 49 and 50. There
appears to be a rim of once—molten material (presumable the glass oxidation
product) around each pit , but there does not seem to be a general transport of
matter down stream as one might imagine would be the case. The mechansim of
this pit formation is not clear at the present time, but may involve the fluxtn~t
of grain boundaries by the oxidation product.

SEN photographs of the surface of NC-132 subjected to Mach 0.8, 1270°C
flame for 2 hrs as shown in Fig. 52. A severe charg ing problem with this sample
made SEM imagin g di fficui t . The grains on the su r face  of the imping ed  region are
.~ear se  compared to 2 7 .  samp les. Aga in , material appears to have been etched
t t o m  between g r a i ns , as w i t h  Samp le 2 7 . 3 . 2 .  Thu s for  both m a t e r i a ls , the
etosion mechanism at 1270 °C and Mach 0.8 seems to involve f i r s t  an etching of

~ i a in houndar ies h~1 lowed by i t s  mec hanical  removal of unsuppor ted g ra ins

‘10
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IV SLIMMARY AN!) CONCLUSION

Attempts were made to produce sing le phase B ’ S
~3 x A1x0xN4_x ceramic

ceramic  bodies , as well as two phase bodies having compositions in the 8 ’ — 15R
(Si A1402N455) and B ’— 0’ (Si 2N2099) phase fields . Different approaches
to using a transient liquid to promote sistering were investigated .

The tirat approach that was studied employed mixtures of fine grained
compatible phase s 8’ and 15R with coarse grained X phase (Si3A16O12N2).
it was postulated that lack of int imate contact between incompatible phases
iould hinder solid state reaction that would otherwise consume X—p hase during
teat up. It was further postulated that when tite sample reached the melting
point of X phase , li quid would forts and wet—out and consolidate the body. These
posulates were correct in all respects except that of consolidation . What in
fact occurred was that the fine particles bonded into a porous structure
.iuring heat up. When liquid formed , it ran into the pores of the structure
Leaving behind vo ids that were replicas of the orig ina l X—phase particles , and
no gross shr inkage  or d e n s i f i~~a t i on  occurred .

W h i l e  t h i s  r e su l t  is d i s cou raging  trots the standpoint of producing a
(tense 

~~
‘ body by p r e s su re l e s s  s i nt e r i n g , i t  did demonst ra te  t h a t  segrega t ion  of

X—phase  in to  large p a r t i cl e s  w i l l  y ie ld li quid at the  m e l t i n g  po i n t , where th i s
w o u l d  not occur in an a l l — f i n e — g r a i n e d  f or m u l a t i o n . This  could  therefore be
t he  bas i s  fo r  hot p ress ing  to  t h e o r e t i c al , d e n s i t y  a f i n e —gr a i n e d  body of sing le
~~~
‘ phase compos i t ion .

The second approach t ha t  was s tudied employed a fine—gra ined  mix tu re  of

~ i3N 4 and A 1203 w i t h  a coarse grain fraction of A 1N. In t h i s  system
it  was posu t la ted  tha t  i sola t ion of the j~lN cons t i tuen t  of a B ’ f o rmu la t i on
would  again h inder  solid s t a t e  reac t ion  dur ing  heat  up so tha t  the f ine—grained
Si 3N4 and Al 203 c o n s t i t u e n t s  would react  to fo rm a 8 ’ composi t ion and
li quid above 1750°C. While some net shr i nkage occurred with this system , it

~‘ppeared that bridg ing of the coarse partic les prevented a uniform fine—grained—
it at ri x shrinkage . Large pores associated with brid ged particles were generated
resulting in a very coarse microstructur c. The original large A1N part icles

one the  less we re conver ted to  B ’ 
~~~~~~~~~~~~~ 

and the bodies ,
t h r o u g h coarse grained , appeared chemica l l y homogeneou s as judged trots EDAX
‘leme nt m aps of Si . and A l .

The t h i r d  approach t h a t  was tnvest i~~ated was the heat treatment of dense

~ ‘ —X p hase bodies packed in l5R by d i f f u s i o n  v ia  the g ra in  boundary X-p hase.
Heat  t r e a t m e n t  at 1600°C fo r  50 hrs converted the surface for a depth
of ab ou t .010 ” (250 k)  to a hi ghl y s t ressed mix tu re  of expanded B ’ and a second
p hase tha t  could not be pos i t i ve ly  i d e n t i f i e d  by the sing le s t rong , broad ,
ex t r aneou s d i f f r a c t i o n  l ine . This s t ressed laye r tended to spal l  from the

93
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i l t e t ’  i o t  body w h i ch  re it ta isod a m i x t u r e  ot B ’ and X— p h a se .  Both  t ~ ‘ and
—p hases  in  the  in t e r i o r  e x hi b i t e d  d i  f i t  a c t  ion eaks w h i c h  were g ‘ at I v  b r o . t d —
i i t ’ tt  a~~I diminish ed in int ensity.

~~t om t h e  ab ove exper , inCflt s one can . onc I ude that it t s l i t  gh I ‘ u n l i k e  I
th at •t icressureless sint ’~ i ng  t e c h n i q u e  can  be d e v i s e d  t h a t  can  Id t u l l y
enS C hod L CS ol ~ 

‘ c ompos t ion (or B ‘ —x • r ~ ‘—0) a I though I ul 1~ d os ~ bod i e s

I O V eI  I i i  8 ’ compos i t  ion c o u l d  pr obab 1~’ be produced by hot  pr e ’ss g us m u g
i s~c I a t e d  X—p h isc techni qu e.

tiod ies ol ~~‘ -x phase  c o m p o si t i on s  ccu be e a s i l y sinter .’d t o  ar t h ~’~-
m e t L c a ~ d e n s i ty . There i ev idence  to  s u g g e s t  t~m a t  the pr et irr ed . ‘ corn—

1o s it l it as f a r  a~. mt’c l i a n i c a l  and t h e r m a l p r o p e r t i e s  a re  conc er t i c  w ou l d
o that with the highest ~‘i 3N4 content (l~efs. It , i i , I f l .  The ~~~ compos t -

ion w ith the H igi est Si 3~’
.4 coitcent rat ic t h a t  can  be expected as • h i’

ii a lot  p I t a - ~t’ in  a ~ inte t ahi c both’ that dues not c ’im t ain extran eous i q itid
roduc i i t ~ component s is aI’.tu t Si.) 5A 1 5

(1 
514 3 ~~~. Samp les we r e t ab  —

.1 1 I d  wh t cli Ii .1.1 a ‘ ompos i ton 20 
- 

~ / o Al , 20 ~ 1 0. lit m s c onm~ o~ it ti ~lt o u t  J
iti i t ton into ve~ v near k SO w, u Si .~ 

- 54 Al~1 ~~~~ 0 ~~ .~ ~ l U s  - V

X — Ii a . liii’ . e s a m p  ic ’s we’ r ~‘ o~ at nat d itt t e r~~s o t r’ oom t etvmp - t u t  •

• CI . , 0I 0 1 t e x tua l S t  rength , 1 lit) * t I e s u i ’ H  •‘r,’,p, 1t100 and 1.411(1 t ‘~~t L i ’ —
iou  L i tH.uv iom ’ _ i,t~i M a ch II . ~ I l ame er ’s toi~ .it 1 2 7 1  °t’ ~t c c h . t n i c . i  I a ’ . . ‘~~ i 1 . t t  m c m i

t e s t  r e s u l t s  . i m e  ~ompare J  with I t t er a t  iii  i d a t a  t~~r hot  p m essed Si
(N t— i f _ ’)  and te ’ac t ion  s m n t e ’r eut Si 3N4 (Nt ~~~ ar KI~1 I~SSt~~. liii’ I m e u g t h

S 1 A I I IN hod i c s was c omparable to that t NC— 3”O a! room t e’rnpe rat t m ’ and
I ~ (I °t ’ . St rcngt ii was co n t  re I led by proc  s s i ng 1 1 ~~ s ( v o t  1 .t C H C It t empt ’ a
ut ,  s , amid is t h e ’ m e ’ lore s t i b  icc  1 10 ir.tpre’ etnent ~ t tb  pro~’ es s i n g  i i f om en t  s .
r et p r a t e ’ at  I 37 t1 was less than t h a t  ot N c — I  32 h u t mu ch h i g h e r  t~ ..n t t i . ~~ ct

I I t t ’ RSSN m a t e r i a l s .  Ox i d a t  ion b e h a v i o r  ~~
‘ . s supet jot- to i’ll her h o t  It s sod ci

tac t ion s t n t  ered Si 3N4 .
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